High-resolution calorimetry has been performed to study the effect of dilution by a nonmesogenic, low-molecular weight solvent ͑linear n-hexane͒ on the isotropic-nematic ͑I-N͒ phase transition in the liquid crystal ͑LC͒ octylcyanobiphenyl ͑8CB͒ as a function of n-hexane concentration. Numerous temperature scans were performed without continuous mixing for pure 8CB and all mixture samples of n-hexane mole fraction ranging from x hex = 0.02 to 0.12. The I-N specific heat peak remains first-order for all samples and shifts toward lower temperature nonlinearly while the two-phase I + N coexistence width broadens linearly with increasing x hex . Multiple heating and cooling scans are reproducible and indicate phase separation, if it occurs, must be on very short length scales and is reversible. These results may be a consequence of a competition between random dilution effects and the tendency to phase separate. It is shown that solvent dilution of a LC, if miscible and depending on solvent structure, can lead to a controlled altering of the intermolecular potentials and softening of the LC viscoelastic properties.
I. INTRODUCTION
The effect of the disorder and impurities on condensed matter systems is an important and challenging problem to the fundamental understanding of phase ordering or selfassembly and continually attracts the attention of researchers. The disordered systems often display complex and rich phenomena, being the generalization of the pure ͑ideal͒ systems. Disorder can dramatically alter the physical properties of multicomponent, composite systems. In particular, the effect of disorder on phase transitions is important as the disorder typically couples to the order parameter, which can be usefully described as a random local field that is conjugate to the order parameter. This is usually realized in systems with random inclusions in a phase ordering media, e.g., a colloidal dispersion of solids in a complex fluid. Another form of disorder is presented by dilution effects, which imposes instead the random breaking or weakening of intermolecular bonds or interactions responsible for the phase ordering. Exploring a good physical system representing random dilution effects in a controlled manner offers a physical probe to unresolved problems in the understanding of mesophasic order. 1 Liquid crystals ͑LCs͒ are an attractive model system for studying mesophasic ordering and phase transitions. The phase behavior of LC is strongly influenced by disorder and impurities, and is easily handled allowing for unique control of the important physical parameters. Examples of induced random field-like disorder through random surface interactions are silica aerosil, [2] [3] [4] [5] aerogel, 6, 7 controlled porous glass, [8] [9] [10] and other uniform cylindrical confinements. 11, 12 The LC phase behavior can also be altered by using external electric and magnetic fields. 13, 14 Also, by employing LC + LC mixtures, [15] [16] [17] [18] new phases and phase diagrams have been explored. Finally, mixture systems comprised of water, surfactant, and a nematic liquid crystal have revealed unique arrangements of spherical micelles in a microemulsion upon full phase separation either by cooling into the nematic phase or the addition of an appropriate cosurfactant. [19] [20] [21] Recently, renewed attention has been drawn to miscible mixtures of liquid crystals and nonmesogenic, low-molecular weight solvents for furthering basic understanding of mesogenic order and tuning viscoelastic properties. [22] [23] [24] [25] [26] An x-ray study of a binary mixture of a LC and n-hexane focusing on the nematic to smectic-A phase transition indicated from visual inspection that in 8CB/n-hexane mixtures ͑for n-hexane volume fraction of 0.1 and up͒ the solvent is not uniformly distributed throughout the host LC, and minimal, nonreproducible swelling is observed. 22 The experimental studies on 8CB+ cyclohexane 26 system that enforced uniformity by continuous mixing revealed a linear decrease in isotropic to nematic transition temperatures, and constant latent heat during the transition with increasing solvent mole fraction. The orientational order of the nematic phase can be described by a symmetric and traceless second rank tensor ͑Q ij ͒ and is established in three dimensions. 1 In general, the tensor ͑Q ij ͒ describes the uniaxial and biaxial nature of the orientational order. However, neglecting any biaxial ordering and aligning the axis of orientation with a principal axis of a local frame, nematic order can be approximated on short length by a scalar parameter S measuring the magnitude of orientational order about the orientational axis and on much longer length scales by a "headless" vector n , the nematic director, which describes this axis. These approximations of the nematic order are related to ͑Q ij ͒ for uniaxial LCs by
The scalar order parameter S is typically used in a Landau-de Gennes free energy expansion to provide a mean-field model. 1 In this work, we study the effect of a nonmesogenic, low molecular weight solvent ͑n-hexane͒ concentration on the weakly first-order isotropic to nematic ͑I-N͒ phase transition on octylcyanobiphenyl ͑8CB͒ and n-hexane ͑hex͒ binary mixtures ͑8CB+ hex͒ as a function of n-hexane concentrations. The introduction of n-hexane on 8CB causes the dramatic change in the phase transition behavior in 8CB+ hex mixtures. The heat capacity peak associated with I-N transition ⌬C p shifts toward lower temperature nonmonotonically and becomes progressively smeared as the hexane concentration increases. There is significant hysteresis in the ⌬C p shape between heating and cooling, especially for higher hexane concentrations. On heating, the ⌬C p peak exhibits a broad tail where the peak temperature is significantly below the nominal transition temperature. On cooling the ⌬C p peak reveals a sharp jump reminiscent of the pure 8CB peak. The integrated ac-enthalpy remains fairly constant as a function of hexane molar fraction whereas the imaginary part of the enthalpy reveals a sharp increase at hexane mole fraction of around 0.07.
The presence of n-hexane in 8CB introduces two effects: impurity and viscoelastic softening. Both effects are in equilibrium but produce different results. The shift in transition temperature downward, general smearing of ⌬C p , and constancy of ␦H IN ‫ء‬ are consistent with an impurity effect. The nonmonotonic transition temperature shift, narrowing of the nematic temperature range, hysteresis in the ⌬C p shape, and jump in ␦H IN Љ at x hex Ϸ 0.07 appear to be indicative of changes in the effective viscoelastic properties of the composite. This later mechanism has a profound effect on the lower temperature nematic to smectic-A transition, which will be presented in a subsequent paper. This paper is organized as follows. Following this introduction, Sec. II describes the preparation of sample, the calorimetric cell, and the ac-calorimetric procedures employed in this work. Section III describes the calorimetric results of the I-N phase transition in the 8CB+ hex system. Section IV discusses these results from the point of view of swelling the LC ͑screening the LC intermolecular interaction͒, draws conclusions, and describes future directions.
II. EXPERIMENTAL PROCEDURE
The liquid crystal 8CB, purchased from Frinton Laboratory, has the chemical formula C 8 H 17 -C 6 H 5 -C 6 H 5 -CN, a molecular mass M w = 291.44 g / mol, and a density of LC = 0.996 g / ml. Pure 8CB has a weakly first-order, isotropic to nematic phase transition at T IN 0 = 313.98 K, a second order nematic to smectic-A transition at T NA 0 = 306.97 K, and a strongly first-order crystal to SmA transition at T CrA 0 = 290 K. 2 The single batch of 8CB used for pure and mixture samples was degassed under vacuum for about 2 h in the isotropic phase before use. Spectroscopic grade ͑ultralow water content with a nominal 99.9% purity͒ n-hexane purchased from EM Science was used without further purification. The pure n-hexane has molecular formula C 6 H 14 , molecular mass of 86.18 g/mol, a density of 0.655 g/ml, and a boiling point of 342 K with no known mesogenic phases. The 8CB and n-hexane mixtures appear by visual inspection to be miscible up to an n-hexane mole fraction of 0.12. Measurements were performed on samples as a function of n-hexane mole fraction, x hex = n hex / ͑n hex + n LC ͒, where n hex and n LC are the moles of hexane and liquid crystal used ranging from 0 ͑pure 8CB͒ to 0.12.
An aluminum "envelope" heat capacity cell, 15 mm in length, 8 mm in width, and ϳ0.5 mm thick, was prepared from a sheet of aluminum which was cleaned in progressive applications of water, ethanol, and acetone in an ultrasonic bath. The sheet was folded and sealed on three sides with super-glue ͑cyanoacrylate͒. Once the cell was thoroughly dried, the desired amount of liquid crystal followed by a relatively large amount of n-hexane was introduced to the cell. The mass of the sample and cell was monitored as the n-hexane was allowed to evaporate slowly until the desired mass of the n-hexane was achieved. At the point of the desired mass of the 8CB+ hex mixture, the envelope flap was quickly folded and sealed with the super-glue. Careful massing of super-glue and sample during every stage of this process ensured that the proper amounts of materials were sealed within the cell. Extensive care was taken in handling the sample due to relatively rapid evaporative nature of n-hexane and total mass of the cell was periodically checked.
High resolution ac-calorimetric measurements were carried out on a home built calorimeter at WPI. The sample cell consists of an aluminum envelope mentioned above whose dimensions closely match the size of the heater. A 120 ⍀ strain gauge heater and a 1 M⍀ carbon-flake thermistor were attached to the opposite faces of the cell using GE varnish. The completed cell was then mounted into the calorimeter, the details of which can be found elsewhere. [27] [28] [29] In the ac-mode, oscillating heating power P ac exp͑it͒ is applied to the cell resulting in temperature oscillations with amplitude T ac and a relative phase shift between T ac and input power, = ⌽ + / 2, where ⌽ is the absolute phase shift between T ac and the input power. The relative phase shift also provides crucial information regarding the order of the phase transition. 28 With the definition of the heat capacity amplitude, C ‫ء‬ = P ac / ͑T ac ͒, the specific heat at a heating frequency can be expressed,
where C filled Ј and C filled Љ are the real and imaginary parts of the filled cell heat capacity, C empty is the heat capacity of the empty cell, m s is the mass of the sample ͑in the range of 15-40 mg͒, and R e is the external thermal resistance between the cell and the bath. The functions f͑͒Ϸg͑͒Ϸ1 are small correction factors due to the non-negligible internal resistance R i of the sample compared to R e . 30 Typically, in equilibrium and in a single-phase region without dynamics on the time scales of the induced temperature oscillation, CЉ = 0 and the real part is the total heat capacity. A nonzero CЉ indicates dispersive dynamics the most common example being the latent release at a first-order phase transition. 30 The excess specific heat associated with a phase transition can be determined by subtracting an appropriate background C p BG from the total specific heat over a wide temperature range; ⌬C p = C p − C P BG . Figure 1͑a͒ illustrates this subtraction, the dashed-dot line represents the background.
The enthalpy change associated with a phase transition is defined as
where the integration is usually carried over as wide a temperature range as possible. For first-order phase transitions, the situation is complicated due to the presence of coexistence region as well as a latent heat ⌬H. The total transition enthalpy change for weakly first-order phase transitions is the sum of the pretransitional enthalpy and latent heat associated with the transition and is given by ⌬H tot = ␦H + ⌬H.
Due to partial phase conversion N I during a T ac cycle, typical ⌬C p values using ac-calorimetry obtained in twophase coexistence region are frequency dependent and remarkably high. The integration of observed ⌬C p yields an effective enthalpy ␦H IN ‫ء‬ , which includes some but not all of the latent heat contributions. In addition, the enthalpic contribution of a nearby phase transition must be subtracted to further isolate the appropriate ⌬C p . This typically involves defining the ⌬C p wing contribution that underlays the lower temperature transition. The integration of the imaginary part of heat capacity given by Eq. ͑2͒ yields the imaginary transition enthalpy ␦H IN Љ , which is the dispersion of energy in the sample and an indicator of the first-order character of the transition. Figures 1͑a͒ and 1͑b͒ To ensure the calorimetric cell was properly sealed, the sample-cell system was loaded into the calorimeter and a fast heating followed by a fast cooling temperature scans was performed. The ⌬C p base lines during the cooling and the heating were compared and if closely overlapping each other, then no loss of mass due to evaporation of the n-hexane occurred. If the cell was found to be properly sealed, then a slow detailed heating scan followed by an equivalent cooling scan was done. All 8CB+ hex samples experienced the same thermal history with data taken at a heating frequency of 0.031 25 Hz and a final slow scanning rate of Ϯ0.4 K / h.
III. RESULTS

A. Overview
For pure 8CB, from the same batch used for all mixture samples, the I-N phase transition occurs at T IN 0 = 313.20 K while the N-SmA transition occurs at T NA 0 = 306.09 K, both are about 1 K lower than the highest values reported in the literature. 31 In addition, the effective enthalpy ␦H IN ‫ء‬ = 4.67Ϯ 0.47 J / g and the dispersive enthalpy ␦H IN Љ = 0.59Ϯ 0.06 J / g for the I-N transition in pure 8CB, which is within 10% of the literature value. 6 These results indicate the relative purity of the LC and are used for comparison to the mixture results for internal consistency. A summary of transition temperatures, nematic temperature ranges, and enthalpies for all samples on heating is given in Table I .
The resulting excess specific heat data for 8CB+ hex samples on heating are shown in Fig. 2͑a͒ over a 3 K temperature range about T IN . Here, ⌬C p are presented in J/K/g of the sample. The ⌬C p peaks of the I-N transition shift toward lower temperature as well as progressively smearing with increasing x hex . Also, the I-N ⌬C p peak on heating exhibits a broad wing, or tail, on the isotropic side of the transition. Figure 2͑b͒ shows the dispersive part of heat capacity CЉ for pure 8CB and 8CB+ hex samples on heating. The I-N transition CЉ peaks are also smeared with progressively longer tail on the isotropic side as the hexane concentration increases. Interestingly, the temperature of the CЉ peak does not coincide with the temperature of the ⌬C p peak on heating. Because of the mismatch between CЉ and ⌬C p peaks in temperature and the long ⌬C p tail on the isotropic side, the temperature of the I-N transition on heating is taken as the approximate inflection point of CЉ on the isotropic side.
On cooling the excess specific heats shown in Fig. 3͑a͒ and imaginary heat capacities shown in Fig. 3͑b͒ See text for details.
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Behavior of liquid crystal-solvent mixtures J. Chem. Phys. 133, 044513 ͑2010͒ contrast to that seen on heating. Significant hysteresis in ⌬C p shape is observed at I-N phase transitions on heating and cooling for higher hexane mole fractions. In particular, ⌬C p of the I-N transition on cooling appears more step-like with increasing x hex . Heating and cooling ⌬C p results for various cycle for a given n-hexane concentration match each other well.
B. Phase diagram
The I-N and N-SmA phase transition temperatures as a function of n-hexane mole fraction are shown in Fig. 4͑a͒ for heating and cooling scans. As previously described, the I-N phase transition temperature T IN is defined as the high temperature limit of the I + N coexistence region from isotropic to nematic region, determined from CЉ for heating and cooling scans. See Fig. 1͑b͒ , which illustrates this procedure. The N-SmA phase transition temperature T NA was determined in two ways: for lower x hex samples it is simply the N-SmA ⌬C p peak temperature, whereas for higher concentrations, where the N-SmA transition exhibits a peak in CЉ, T NA is taken as high temperature limit of N-SmACЉ peak. The I-N transition temperatures for heating and cooling as function of x hex are consistent with each other, but T IN on cooling becomes progressively lower than on heating with increasing x hex . The I-N ⌬C p peak temperature given by dashed line in Fig. 4͑a͒ becomes significantly smaller on heating and reflects the unique smeared nature of the transition.
As the mole fraction of n-hexane increases the transition temperatures decrease nonlinearly with a plateau or bump at x hex Ϸ 0.07 for both T IN and T NA . See Fig. 4͑a͒ . Figure 4͑b͒ shows the nematic temperature range ⌬T N = T IN − T NA as a function of n-hexane mole fraction revealing an overall decrease in ⌬T N with a plateau similar to that seen in T IN ͑x hex ͒ and T NA ͑x hex ͒. The nematic range decreases from 7.11 K for pure 8CB to 2.53 K for the x hex = 0.12 sample. The behavior of ⌬T N simply indicates the greater suppression of orientational order ͑nematic phase͒ relative to smectic ordering due to the presence of the solvent. The I + N coexistence region on heating and cooling as a function of x hex is shown in Fig.  4͑c͒ . The region increases linearly as x hex increases.
C. The I-N phase transition enthalpy
The effective I-N transition enthalpy ␦H IN ‫ء‬ was obtained by integrating ⌬C p from 299 to 317 K for pure 8CB and all 8CB+ hex samples then subtracting the N-SmA transition enthalpy. See Fig. 1͑a͒ 
IV. DISCUSSION AND CONCLUSIONS
The introduction of n-hexane to 8CB greatly affects the behavior of I-N phase transition. The main effect of solvent is to dilute the liquid crystal, resulting in two main changes: an impurity effect and viscoelastic softening of the mixture. The impurity mechanism introduces concentration fluctuations ͑random local transition temperatures͒ and a generic truncation of the order parameter correlation length. However, the presence of solvent can screen LC molecules from one another, a dilution effect, that softens the viscoelastic properties of the mixture with respect to that of pure LC. This viscoelastic softening can substantially change the role of order fluctuation in the phase transition leading to nonlinear shifts in T c and hysteresis of the transition behavior.
Rieker 22 studied the LCs/n-hexane systems on N-SmA phase transitions in LC/n-hexane systems and observed from visual inspection that for 8CB/n-hexane, the solvent was not uniformly distributed throughout the host LC and only a minimal, nonreproducible, swelling of the SmA layers was observed. However, these samples were of higher n-hexane concentration than ours, a reported volume fraction of 0.1. In the concentration range studied here, corresponding to a volume fraction from 0.015 to 0.06, visual inspection of sealed 8CB+ hex samples over many months did not reveal any sign 
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Behavior of liquid crystal-solvent mixtures J. Chem. Phys. 133, 044513 ͑2010͒ of demixing/separation. Large scale phase separation is not likely to play a major role in the results reported here. Broader peaks and significant tails of ⌬C p in isotropic side of the transition on heating for higher hexane mole fraction indicate that the melting of the samples takes place for large temperature range. But during the cooling scans crystallization starts sharply. Therefore, the melting and crystallization are driven by different dynamics which may be due to the coupling of viscoelastic properties with orientational order of the sample. Matching of heating and cooling ⌬C p results for various cycles for a given n-hexane sample indicates that the significant hysteresis observed during cooling and heating is not due to phase separation, rather due to the different dynamics in heating and cooling scans. Shifting ⌬C p toward lower temperature and diminishing I-N ⌬C p peak height indicate that the scalar order parameter S and correlation length are greatly affected by n-hexane in the composites.
Nonlinear transition temperature dependence on n-hexane mole fraction in 8CB+ hex mixtures is unique as compared to that seen in 8CB+ cyclohexane. 26 The authors showed that for 8CB+ cyclohexane systems I-N latent heat remains constant for all the cyclohexane concentrations. Similar behavior is observed in 8CB+ hex system with a nearly constant ac-enthalpy for all n-hexane mole fractions studied. Details of the I-N heat capacity peaks were not published, so further comparison is not possible. The linear versus nonlinear transition temperature behavior in 8CB + cyclohexane and 8CB+ hex systems can be accounted in the following two ways: the first is the linear structure of n-hexane as compared to cyclohexane ring structure and the second is the procedure of mixing the sample during the experiment. Our experiments do not involve any stirring of the sample during the experiment, whereas the study of 8CB+ cyclohexane was done with continuous stirring of the samples during the experiments, which may wash out this behavior. Nonstirring effect may produce nanoscale phase separation which consequently can cause two driving forces to develop in two opposite directions. These forces probably cause the increment in transition temperature showing nonlinear behavior in the phase diagram. The dashed-dot lines in the phase diagram show the data from Ref. 26 , which indicate the good agreement with our data in lower hexane concentration regime only but not for higher concentration regime.
A distinct jump in ␦H IN Љ at x hex Ϸ 0.07 is observed that indicates the sudden change in dynamics of the I-N phase conversion. Since screening is presumably playing an important role, one measure of this effect is the mean distance between solvent molecules, l. Assuming that the solvent molecules are uniformly distributed throughout the mixture, the value of l may be estimated from the specific volume of the LC and that of the solvent. For 8CB and n-hexane, the specific volume ͑volume per particle͒ is v 8CB = 486.14 Å 3 and v hex = 218.17 Å 3 , respectively. We assume a linear variation as v mix = v 8CB at x hex =0 to v mix = v hex at x hex = 1 yielding a dependence of v mix ͑x hex ͒ = −267.97͑x hex ͒ + 486.14 in units of Å 3 for the volume per "average" molecule in the 8CB+ hex mixtures. Considering uniformly distributed n-hexane molecules, each centered in a spherical unit cell, the volume per molecule can be calculated as v mix = x hex ͑l 3 ͒ / 6, the volume of the unit cell times the number of n-hexane molecules gives the total sample volume divided by the total number of molecules. Equating these two definitions of v mix gives l = ͓͑6/͒͑v mix ͑x hex ͒͒/͑x hex ͔͒ 1/3 , ͑4͒
where the linear v mix ͑x hex ͒ dependence is used. For l smaller than the length scale for the LC interaction, approximately the LC molecular length, the screening effect on the LC interaction potential should be dominant. The ␦H IN Љ jump occurs around at hexane mole fraction of ϳ0.07 where the mean distance between the hexane molecules l is found to be approximately equal to 8CB molecular length ͑Ӎ23 Å͒. The functional dependence of l ͑x hex ͒ is shown in the lower panel of Fig. 5 . We have undertaken a detailed ac-calorimetric study on the effect of nonmesogenic, low molecular weight solvent ͑n-hexane͒ on octylcyanobiphenyl ͑8CB͒ with an emphasis on the weakly first-order I-N phase transition. The dilution of the liquid crystal causes the decrease in liquid crystal molecular interactions and change in viscoelastic properties, which consequently gives rise to the evolution of the phase transitions. The results obtained in this work reveal new aspects of the effect of nonmesogenic disorder on the mesogenic ordering. Nonmesogenic solvents like n-hexane could be an important tool to probe and tune intermolecular potentials of liquid crystals. Continued experimental efforts are needed specifically, light scattering studies probing the nematic elastic constants as a function of solvent content and temperature would be particularly important and interesting.
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